The light-modulated current of vertebrate retinal rods flows through a 3',S'-cyclic GMP-dependent conductance located in the outer segment plasma membrane. We report the incorporation into planar bilayers of a conductance derived from vertebrate rod outer segment membranes specifically activated by cGMP but not by cAMP, 5'-GMP, GTP, or 5'-AMP. When the mean currents were measured as a function of increasing cGMP concentration, maximal activation occurred at concentrations <50 AMM. Washout of cGMP rapidly reversed the effect. The apparent half-saturating concentrations were between 12 and 27 ,AM. Sodium, lithium, cesium, and potassium supported current in the presence of low concentrations of Ca21, Mg2', and 100 ,.M cGMP; choline did not. Removal of the divalent cations reversibly increased the currents. When calcium was the only current-carrying cation, attenuated currents were seen. These experiments support the hypothesis that calcium is a permeant blocker of the conductance. At low concentrations of cGMP in solutions also containing 0.5 mM EDTA, brief current spikes occurred with amplitudes from 0.5 to 4 pA at 50 mV. These spikes differed from the well-defined, unitary conductance steps usually associated with the opening and closing of ion channels. Occasionally we saw longer-lasting channel-like events; however, amplitude histograms did not resolve discrete conductance levels.
The cGMP-dependent conductance of the retinal rod outer segment (ROS) plasma membrane has been identified with the light-modulated conductance (1) (2) (3) (4) (5) (6) (7) (8) . The relation between current activation and cGMP concentration is reversible and cooperative. In addition, cGMP-dependent cation fluxes have been reported in rod disc membranes (9) (10) (11) (12) .
Molecular details about the cGMP-dependent ion transport in photoreceptor plasma membranes have undergone significant clarification in the past 2 years (for review, see ref. 13 ). Initial measurements of the light-sensitive conductance, which failed to detect single channels, were interpreted as supporting either a carrier or pore mechanism with <100 fS maximal conductance (1, 8) . Recently, however, single channels of -8 and =24 pS have been recorded in excised patches at low agonist concentrations in the absence of divalent cations (4, 5) . Rapid, intermittent blocking by divalent cations, proposed to account for the low conductance estimates from noise measurements on photoreceptors (14) , was also seen in these excised patches (4, 5) .
We report the incorporation into planar lipid bilayers of a cGMP-dependent conductance from vertebrate photoreceptor membranes. Activation of this conductance shows a specific, cooperative dependence on cGMP that is reversible. The conductance is cation selective, preferring monovalent over divalent cations. In the presence of divalent cations, the cGMP-dependent current shows bursts of noise consisting of brief-current spikes; without divalent cations, longer-lasting channel-like events are observed with conductances similar to those seen in the aforementioned patch recordings. Most current fluctuations, however, do not resemble conventional single-channel records. A preliminary report of this work has been published (15) .
MATERIALS AND METHODS Materials. 1-Palmitoyl-2-oleoylphosphatidylethanolamine (PamOle-PtdEtn) and 1-palmitoyl-2-oleoylphosphatidylcholine (PamOle-PtdCho) were obtained from Avanti Polar Lipids. 3',5'-cGMP, cAMP, 5'-GMP, 5'-AMP, and GTP were all obtained from Sigma. Decane (Sigma) was used without additional treatment.
Membrane Preparations. Two membrane preparations were used: a sonicated, whole outer segment preparation from dark-adapted frog, Rana pipiens, or toad, Bufo marinus, and a purified membrane fraction derived from bovine outer segments by discontinuous density-gradient centrifugation (16) . Sonicated vesicles were prepared after dissecting the retina of darkadapted animals. Outer segments were collected in amphibian Ringer's solution by gentle agitation of the retina in a Vortex. The preparation was examined under dark-field microscopy to ensure minimal contamination by cell debris. Outer segments were decanted and sonicated on ice with a Bronwell probe sonicator at intensity settings of 20-30 for 2-3 sec. After each sonication, the preparation was examined under dark-field illumination. Sonication was repeated until no outer segments remained intact; this was usually 5-10 sec. The sonicated vesicles were stored on ice until use. Bovine membrane fractions were prepared as described elsewhere and washed to remove extrinsic membrane proteins (17 cGMP to ensure that no residual nucleotide was present for the initial measurements; in these experiments the ROS vesicles were exposed to the bilayer for 10-20 min, after which the cis chamber was perfused with buffer. Incorporations were seen in >90% of all experiments. Instrumentation and Analysis. Membrane current was monitored by a Dagan 8900 patch clamp; Ag/AgCl electrodes in 3 M KCl were connected to the bath solutions through porous ceramic membrane bridges. The cis chamber was held at virtual ground. Electrode offset potentials were nulled immediately before bilayer formation and periodically checked during the experiment. All membrane potentials are cited as cis minus trans, the "physiological" convention.
Data were filtered with an 8-pole Bessel filter at 600 Hz (-3 dB) for recording experiments and filtered at 100 Hz for playback on a Hewlett-Packard strip-chart recorder. Figures were composed from the strip-chart records. Data were recorded either on an FM tape recorder (4.5-kHz bandwidth) or on a VCR tape (22-kHz bandwidth). All experiments were done in room light at 20-220C.
For analysis the taped currents were digitized at 3 kHz in 11-sec epochs by a 12-bit analog/digital converter (Scientific Solutions) and stored on the hard disk of an IBM AT computer.
RESULTS
When vesicles were added to the cis chamber in the absence of cGMP, no current increase across the bilayer was detectable during observations as long as 90 min. Addition of 50-100 AuM cGMP to the cis chamber immediately induced bursts of current noise. One hundred AtM cGMP in the absence of vesicles had no effect on bilayer conductance. Adding successively higher concentrations of cGMP increased the frequency, mean amplitude, and duration of the noise bursts; washout of the cGMP abolished the induced current (Fig. LA) . Conductance activation was specific for cGMP. The other nucleotides tested (at 100 ,uM)-cAMP, 5'-GMP, 5'-AMP, and GTP-did not induce currents. Although no attempt was made to examine the orientation of channel incorporation, currents were seen with cGMP present in either the cis or trans chamber. We therefore assume that orientation was random.
A Membrane vesicles derived from either sonicated whole ROS or membranes washed free of extrinsic membrane proteins, including phosphodiesterase and GTP-binding protein, produced similar results in our experiments. In general, washed membranes took longer to fuse (30-60 min), whereas sonicated vesicles were somewhat more likely to produce extraneous, non-cGMP-dependent currents. No consistent differences were noted among frog, toad, and bovine preparations, although considerable variations in the maximal currents were seen among experiments. Aside from the experimental variables affecting the currents, such as ionic composition, ionic strength, and cGMP concentration, the amount of material incorporated into the bilayer was an undefined variable in all experiments. Occasionally (<10%) we have seen non-cGMP-dependent conductances, but the predominant conductance in more than 100 bilayers was cGMP-activated.
The relationship of mean current to cGMP concentration is shown in Fig. 1B . Time-averaged epochs (11-44 sec) of current at a constant holding potential were measured at successively higher concentrations of cGMP. Half-maximal activations were estimated by interpolation; they were 12 and 27 ,uM. In all experiments, maximal activation of the conductance occurred at concentrations <50 AM. Data at +40, +20, and -40 mV (data not shown) did not show significant voltage-dependent cGMP activation, although the weak voltage-dependence reported by Haynes et al. (5) may be obscured in the scatter of our data.
The ionic dependence of the cGMP-activated conductance was investigated in two ways: by examination of currents in the presence of various cations and by measurements of reversal potentials. When a 500:200 mM NaCl gradient existed across the bilayer and 0.5 mM EDTA was present, the maximally activated cGMP-dependent current had a reversal potential (25 mV) near the sodium equilibrium potential (23 mV) and an ohmic conductance away from the reversal potential. (Currents were measured at absolute potentials greater than 20 mV.) The ratio of the cis and trans slope conductances (225 and 100 pS) was consistent with the sodium concentration gradient across the bilayer.
At constant cGMP and divalent cation concentrations, the chloride salts of sodium, choline, potassium, lithium, and cesium were sequentially exchanged into the cis chamber. The solution in the trans chamber was unchanged, and the Biophysics: Tanaka et al.
bilayer potential was maintained at 60 mV. All the alkali metal cations supported currents; choline was impermeant ( Fig. 2A) .
Divalent cations had significant effects on the cGMPactivated currents. In solutions containing 200 mM NaCi and 100 ,M cGMP, the sodium current was reversibly increased when the concentration of divalent cations was decreased from 100 gM calcium and magnesium to divalent-free solutions containing 0.5 mM EDTA (cf. Fig. 2 A and B , Na' traces). Although this observation suggests that calcium reduces the conductance for monovalent cations, calcium by itself was able to carry current as demonstrated in Fig. 2B .
In (Fig. 3 A and B) . Infrequent, larger conductance events (=22 pS) were also seen under these conditions. At higher nucleotide concentrations the behavior of the current was more complex, consisting of brief spikes and short bursts coalescing over time into large, relatively slow current fluctuations interspersed with high-amplitude spikes (Fig. 3C) . Current-amplitude histograms (Fig. 4) were constructed from data at 1 ,4M cGMP, similar to that shown in Fig. 3A . Although 10-and 22-pS events were seen in these records, they were too infrequent to appear as discrete conductance peaks in the histograms.
DISCUSSION
Biophysical characterization of the cGMP-modulated conductance from vertebrate photoreceptor cell-free preparations has just begun (1, 4, 5 (Fig. 3) . The channel-like conductances appeared similar to those recorded from excised patches (4, 5) ; however, the frequency of these channels in our experiments was too low to resolve as separate peaks on amplitude histograms (Fig. 4) typically associated with ion channels (21) . Recordings at 10 kHz (data not shown; bilayer response was flat >10 kHz) of the larger spikes revealed that the amplitudes and rise times of the spikes were not significantly limited by the frequency response of the data filter (600 Hz for all experiments).
We suggest two possibilities to account for the brief, nonquantal appearance of the currents. The first possibility is a cooperative interaction among small conductance units. In this case, the temporal properties would be influenced by the originates from the disc membranes, because frog ROS membrane preparations contain =97% disc membrane and -3% plasma membrane. We cannot, however, exclude preferential incorporation from plasma membranes. In addition to the light-modulated cGMP-dependent conductance of ROS plasma membranes, a cGMP-dependent cation permeability has been reported in disc preparations (9) (10) (11) (12) . The physiological role of the disc conductance and its relationship to the plasma membrane conductance have not been determined.
